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Robert William Berliner received his M.D. degree from
Columbia University College of Physicians and Surgeons. He
trained in internal medicine at Presbyterian Hospital of the
Columbia University College of Physicians and Surgeons,
where he was greatly influenced by Robert L. Loeb.
Subsequently, he began an association with James A. Shan-
non at the Goldwater Memorial Hospital. A major contribution
that emerged from those years, which were simultaneous with
the second World War, was the development of quantitative
methods to assess the response to anti-malarial drugs. in
analyzing the effects on urinary flow of 2, 3-dimercaptopropanol
(BAL), Earle and Berliner found that BAL could prevent the
diuresis induced by mercuhydrin, a mercurial diuretic, if ad-
ministered before the diuretic. If given after mercuhydrin, BAL
interrupted the diuresis. In the course of these experiments,
however, they discovered that BAL alone had an antidiuretic
effect. They theorized that BAL might stimulate secretion of
antidiuretic hormone. To test that idea, they repeated the
experiment in hypophysectomized dogs and found that in the
absence of the capacity to secrete ADH, BAL had no
antidiuretic effect [1].
Berliner subsequently was invited by Shannon to head the
Laboratory of Kidney and Electrolyte Metabolism (LKEM) at
the National Institutes of Health. In 1969 he became Deputy
Director of Science at the NIH. He remained at the NIH until
1973, when he was appointed Dean of the Yale School of
Medicine and Professor of Physiology and Medicine. He retired
in 1984.
Scientific contributions
Berliner's experimental work can be divided into five areas,
one of which has been mentioned, the chemotherapy of malaria.
After the war was over, he began to study the mechanism of
potassium excretion and soon thereafter urinary acidification.
In the early sixties the micropuncture technique, which had
been reestablished with such profound impact by Gottschalk
and Mylle, was introduced into the LKEM and the first micro-
puncture studies of renal tubule function in the dog were
performed in Berliner's laboratory. For the purpose of this
symposium, however, I will focus on his contributions to the
urinary concentrating mechanism.
His initial contribution (with Earle) to the field was described
above [11. His second paper [2], a review of renal reabsorption
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of water and electrolytes, was published as part of a series of
seminars on renal physiology in the American Journal of
Medicine and sets the stage for Berliner's later experimental
contributions because it was written in 1950, one year before
the paper by Wirz, Hargitay and Kuhn [31 appeared. The
prevailing view, as espoused by Homer Smith and his col-
leagues, was that water is conserved by two separate processes
termed "facultative" and "obligatory" reabsorption. (The ba-
sis for this view is described by Carl Gottschalk in this
symposium.) Berliner considered various factors that regulate
the degree to which urine can be concentrated and noted that in
man, a maximally concentrated urine can be achieved only
when urine flow is quite low. As the rate of solute excretion
increases, maximum urinary concentration decreases until
there is no appreciable hypertonicity despite the presence of
anti-diuretic hormone (ADH). Berliner cited the findings of
Adolph, Gamble and Gilman and their coworkers that a higher
concentration of urine is obtainable when urea rather than
electrolyte is the major urinary solute. On the other hand,
McCance and Young had found an inverse relationship between
urinary urea and electrolyte concentration, suggesting that
maximum urinary osmolality was independent of the nature of
urinary constituents. Noting these uncertainties and conflicting
opinions, Berliner concluded, "Perhaps the most important
problem lies in the uncontrolled, unmeasured and probably
often unrecognized variables [21."
In the absence of ADH, a large volume of dilute urine is
formed, presumably by removal of solute in a segment of the
tubule impermeable to water, the so—called "diluting segment."
Berliner realized that the only solute in sufficient quantity to
account for the volume of water freed of solute was sodium and
its anions. Anything limiting the amount of sodium reaching the
diluting segment should reduce the capacity to form a dilute
urine. Furthermore, if the volume of tubule fluid delivered to
the diluting segment were reduced, the quantity of water
"freed" there by reabsorption of sodium and entering the site at
which urine becomes hypertonic might be so small that the
urine might become concentrated by the reabsorption of small
amounts of water despite the absence of ADH.
To test this idea, Berliner and Davidson [4] utilized a
bladder—splitting operation devised by Desautel to allow urine
to be collected in awake dogs from each kidney separately. An
inflatable cuff was positioned around the right renal artery. A
water diuresis was established and the cuff inflated to reduce
renal blood flow and glomerular filtration rate in the right kidney
and thereby reduce the delivery of sodium. In this circumstance
in which ADH was unequivocally absent, the osmolality of the
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urine from the right kidney rose from 100 mOsmlkgH20 to as
much as 465 mOsmlkg H20.
With Levinsky, Davidson and Eden, Berliner wrote a review
of the concentrating mechanism for the American Journal of
Medicine in 1958 [5]. The conceptual difficulties that urine is
concentrated by active transport of water were outlined, after
which Berliner and his colleagues addressed the radical new
idea proposed by Wirz, Hargitay and Kuhn [3]. For many
American readers, this description by Berliner et a! was an
introduction to the countercurrent hypothesis. The idea of a
countercurrent mechanism was that recirculation of excess
sodium salts through the ioop of Henle caused the osmotic
pressure of fluid within the loop to be higher than that of the
fluid leaving the loop (see Gottschalk's article in this issue). The
mechanism allowed steep osmotic gradients to be established
without requiring sodium be transported against a steep gradi-
ent anywhere. A small difference was "multiplied" to become
a large difference. Berliner and his colleagues noted what
seemed to be a contradiction: "In order for the high sodium
concentration within the loop to be effective in removing water
from their surroundings, the loop epithelium must be permeable
to water. But if the transport of sodium from ascending to
descending limb is to produce an increase in sodium concentra-
tion, the loop epithelium cannot be permeable to water.'
Berliner and his coauthors proposed that the entire ioop of
Henle is impermeable to water and that the reabsorption of
sodium along the loop caused the sodium concentration to
diminish throughout the ioop. As Berliner later put it, his idea
that the entire loop of Henle was impermeable to water was
discredited "even before it appeared in print" [6] by the
experimental findings of Gottschalk and Mylle [7]. But the main
point of Berliner's hypothesis was that the loop was viewed
"as a source of sodium salts and the fact that the loops dip
deep into the medulla provides a means of delivering
sodium salts deep into the medullary tissue" [5]
The idea that the ioops supply salt to the medulla has been a
central feature in all subsequent models of the concentrating
mechanism. Moreover, by implication, water reabsorbed from
the collecting duct in the medulla was carried away by medul-
lary capillaries, not by the loops. Unbeknownst to Berliner et
al, Wirz had the same idea about the same time [8].
The countercurrent hypothesis implied that the osmotic pres-
sue of blood entering the hypertonic renal medulla also rises;
this posed the dilemma that even if only 5% of the renal blood
flow entered the medulla, the concentrating mechanism would
have to concentrate a very large volume of blood in order to
concentrate a small volume of urine, severely limiting the
mechanism's efficiency. The explanation that the medullary
circulation functions as a countercurrent exchanger resolved
the dilemma. The Berliner et al description of the exchanger
serves to this day as a model used to introduce medical students
to the concept. Citing the work of Scholander [91, the authors
considered the roles of a countercurrent exchanger in the
production of high oxygen tension in the swim bladder of deep
'This apparent internal contradiction was later resolved by locating
the water—permeable segment to which sodium was added in one limb
of the loop and the water—impermeable segment from which sodium
was removed in the other.
sea fish and in the regulation of heat loss from the limbs of the
sloth. Similarly, countercurrent exchange reduced the effective
flow of blood entering the medulla, allowing the concentration
of diffusible substances to be increased substantially.
In the last part of the paper, Berliner and his colleagues
turned to the question of whether urea has a specific role in the
concentrating process. In a remarkable exercise of deductive
reasoning, they began by assuming that 50% of the filtered urea
remains at a point in the distal tubule containing some 2% of the
glomerular filtrate (that is, that the urea concentration in fluid
entering the collecting system is 25 times that in the blood):
"Now if it is assumed that in the presence of ADH the
collecting ducts are permeable to urea as well as water,
circumstances are suitable for the collecting ducts to feed
urea continuously to the medullary interstitial space. As
urea diffuses into the medullary interstitial space, the
concentration of urea in this area rises to considerable
levels because, as in the case with the sodium salts
contributed by the loop, (1) the blood flow is low or (2) the
countercurrent of blood keeps low the effective blood flow
with respect to urea, a highly diffusible substance. At the
same time, continued diffusion of urea from the collecting
duct to interstitium is maintained by the diffusion of water
from the collecting duct to the hypertonic (NaCl) intersti-
tial fluid. Thus, in the steady state, the urine in the
collecting ducts, by contributing a fraction of the urea with
which it entered, can maintain a high urea concentration in
the peritubular fluid, and this urea may then balance the
osmotic effects of a major fraction of the urinary urea. To
the extent that this is the case, then, the sodium chloride in
the interstitial space is required to balance the osmotic
effects of only the solutes other than urea plus that fraction
of the urinary urea not balanced by urea in the interstitial
space." [5]
Subsequently, it has been suggested that urea also plays other
roles, but no one has challenged this elegant description of a
major role for urea in the concentrating mechanism since it first
appeared in 1958.
Four papers from Berliner's laboratory [10—13] were submit-
ted for publication the same year that the foregoing review was
published, no doubt reflecting the considerable discussion and
testing in the laboratory of the ideas that were voiced in the
review. Levinsky, Davidson and Berliner [10] studied the
phenomenon that if water intake is continued in animals receiv-
ing ADH, eventually urinary concentration falls and flow in-
creases. Dogs were given vasopressin and water equal to 2'/2 to
4% oftheir body weight each day. It was shown that the animals
reached a new steady state of volume expansion and dilution of
the body fluids which did not increase thereafter, despite
continuing administration of vasopressin. This paper deserves
to be read by anyone interested in the syndrome of inappropri-
ate ADH secretion.
During the course of the above experiments, it was observed
that at very low urinary flows, the composition of the urine
changed, implying that the composition of urine in the bladder
was not the same as that of urine as it left the end of the
papillary collecting ducts. Levinsky and Berliner [12] perfused
the canine ureter and bladder in vivo and showed that at a
urinary flow of 0.1 ml per minute, urine osmolality fell by 10%
and urea concentration fell 15%, findings which established that
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Fig. 1. Changes in urine concentraf ion when the GFR is reduced at low
solute excretion in dogs on a regular diet (closed circles) and in dogs on
a low protein diet (open squares) by inflation of a cuff around the right
renal arte?y. The ordinate is the ratio of urinary osmolality, right
kidney—to—left. The abscissa is the ratio of inulin clearance (GFR), right
kidney—to_left. The square outlined by the dashed lines encloses the
data from the periods before cuff inflation. In normally fed dogs, when
the GFR of the right kidney is reduced by less than 20% by cuff
inflation, urinary osmolality of the right kidney rises above that of the
left kidney (because of the reduced volume of dilute tubule fluid
delivered to the segment in which urine is concentrated by the loss of
water). At reductions in right kidney GFR greater than 20%, urinary
osmolality of the right kidney falls below the left kidney, as a function
of the decline in right kidney GFR, reflecting the fall in delivery of urea
to the collecting duct. In dogs fed a low protein diet which sharply
reduces the filtered load of urea, the changes in urinary osmolality
induced by a fall in GFR are substantially blunted. From [12], used with
permission.
the epithelium lining the lower urinary tract beyond the tip of
the renal papilla was not impermeable to urea.
In 1954, Leaf and his colleagues [14] reported that urinary
osmolality fell when GFR was reduced, despite the presence of
ADH. To study this interesting observation further, Levinsky,
Davidson and Berliner [121 employed dogs with a cuff around
the right renal artery. As shown in Figure 1, when GFR was
reduced less than 20% by inflation of the cuff, the osmolality of
urine from the right kidney actually became greater than that of
urine from the untouched left kidney. If GFR of the right kidney
was reduced more than 20%, however, urinary osmolality fell
progressively, as a function of the decline in GFR. With a 30%
reduction in GFR there were large decreases in urea concen-
tration and moderate decreases in sodium chloride concentra-
lion in the renal medulla. If the same experiment was repeated
except that mannitol or urea were also infused, urinary osmolal-
ity actually increased, even when the GFR was reduced by as
much as 60%.
The rise in urinary osmolality after modest reductions in GFR
was attributed to the reduction in the volume of water neces-
sary to be reabsorbed in the concentrating segment. When the
GFR was reduced to a greater extent, however, the enhancing
effect was offset by a diminished hypertonicity of the renal
medulla owing to inadequate delivery of sodium and urea. The
infusion of urea or mannitol insured that sufficient urea reached
the medullary collecting duct to be reabsorbed to maintain the
high urea concentration of medullary interstitium. Analysis of
the medullary tissue revealed that the high urea concentration
was indeed preserved.
Levinsky and Berliner studied in more detail the role of urea
in the concentrating mechanism [13]. They confirmed previous
observations that urinary concentrating ability is reduced by
feeding either dogs or human volunteers a diet low in protein,
and restored acutely by administration of urea. Urine osmolal-
ity in the dog increased from 1,100 mOsm/kg H20 to 1,600
mOsm/kg H20 and in man from 750 to 1,150. Analysis of kidney
tissue of dogs fed the low protein diet showed that the medulla
and papilla had very low urea concentrations. In contrast,
tissue concentrations of sodium, potassium and chloride were
the same as those in the medulla and papilla of dogs fed a
regular protein diet. Following urea administration, the change
in tissue concentration of urea accounted for about 80% of the
increase in osmolality. The rise in medullary urea concentration
was attributed to urea reabsorption from the collecting duct.
In 1959, Jaenike and Berliner [15] employed a modification of
the stop—flow technique to study events which occur in the
distal tubule during stop—flow in dogs in water diuresis. During
the stop—flow, the urine—to—plasma (U/P) inulin ratios increased
approximately tenfold, while urinary osmolality increased from
a very dilute value to a value which exceeded plasma osmolal-
ity. The maximum U/P inulin and osmolality in the first urine
specimens collected after the release of the stop-flow repre-
sented fluid from the most distal portions of the renal tubule.
The U/P ratios decreased sharply in more proximal specimens.
In contrast, in dogs given an intravenous infusion of hypertonic
sodium chloride to establish antidiuresis, the U/P inulin de-
clinedmuch more gradually from distal to proximal samples and
dropped abruptly in specimens thought to come from the
tubules at the cortical—medullary junction. The marked differ-
ence in the U/P inulin patterns between water diuresis and
antidiuresis suggested to Jaenike and Berliner that diffusion of
water occurs across the collecting duct even in the absence of
vasopressin:
"It is probable that this [osmotic] gradient [from collecting
duct to interstitium] was higher in water diuresis than in
sodium chloride diuresis, because of the low osmolality of
the tubular fluid in the former. As a result, the inulin
concentration in the most distal specimen showed a greater
increment above control levels in water diuresis . . Con-
sequently, any process which progressively reduces the
volume of tubular fluid during its transit down the collect-
ing duct will enhance the degree of hyperosmolality ob-
tained in the final urine." [15]
In 1964, Aukland, Bower, and Berliner [16, 17] studied the
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blood flow in the renal medulla. There had been few attempts to
determine blood flow to that region; in particular there was a
paucity of studies using inert markers (to exclude the effects of
active transport) or attempting to record continuously local
tissue concentrations. In their first paper [16], the authors
describe the principle of the use of a platinum electrode and
hydrogen gas to determine regional blood flow in dogs. After
administration of hydrogen by respiration or intra-arterial infu-
sion of hydrogen—saturated saline, regional blood flows to
cardiac and skeletal muscle and to the renal cortex were
measured and carefully validated. Using this method, Aukland
and Berliner [17] measured the blood flow of the canine renal
medulla. They showed that the countercurrent exchange mech-
anism is highly efficient for hydrogen gas and that removal of
the gas from the medulla occurs primarily (two—thirds) by urine
flow rather than by blood flow. This paper provides a solid basis
for assuming that the low oxygen tension measured in pelvic
urine reflects a similarly low oxygen tension in inner medullary
tissue.
Approximately at the same time as the foregoing study was
underway, the micropuncture technique was introduced into
Berliner's laboratory by Clapp [18). For the next several years
this became the principal method used to study the urinary
concentrating mechanism. Sakai developed a technique for
exposing the rat renal medulla to investigation by micropunc-
ture [19] which enabled the first direct evidence to be obtained
that the thin loop, like the thick loop, has the capacity to
separate water from solute in the thin ascending limb and thus
behave as a countercurrent multiplier [20]. The difference in
transepithelial osmolality was accounted for almost entirely by
differences in sodium chloride concentration. In the same
paper, evidence was adduced in support of the role of vasa recta
as countercurrent exchangers. These findings and those of
others were incorporated in a review of the concentrating
mechanism by Berliner and Bennett in 1967 [6] that argued
convincingly that the principal role of the thin ioops of Henle
like the thick loops is to deliver salt to the renal medulla and
that the thin loops are countercurrent multipliers rather than
countercurrent exchangers, that is, they are directly responsi-
ble for the high osmotic pressure of their luminal fluid contents.
With Bennett and Clapp [21], a micropuncture study of the dog
showed that the tubule fluid was not only hypo-osmotic at the
beginning of the distal tubule, as had been previously shown to
be the case in the rat, but that the fluid remained hypotonic
throughout the entire length of the distal tubule, which is not the
case in most strains of rats. Furthermore, a much larger fraction
of the filtered load of water (20%) and sodium (6%) is delivered
to the beginning of the cortical collecting duct in the dog than in
the rat. In a comprehensive micropuncture study of the Rhesus
monkey, Bennett, Brenner and Berliner [22] showed that the
composition of the distal tubule fluid resembled that of the dog
distal tubule fluid.
Morgan came to the NIH in 1966 and with Sakai and Berliner
developed an ingenious method for microperfusion of the thin
loops of Henle and collecting ducts of the rat renal papilla in
vitro [23, 24]. The papilla was excised and gently attached to the
bottom of a Petri dish and bathed in appropriate media. These
studies established the crucial differences in permeability prop-
erties between the thin descending and thin ascending limb
required of a countercurrent multiplier, but an active transport
mechanism in the thin loop could not be detected. For the first
time, furthermore, direct evidence was obtained demonstrating
that ADH increases the water permeability and urea permeabil-
ity of the medullary collecting duct.
In 1976 Berliner reviewed the status of the concentrating
mechanism [25], his first review since the passive models of
Stephenson [26] and Kokko and Rector [27) had been pub-
lished. Stephenson had been working at the NIH for many
years and had discussed his concept with Berliner. Several
previous contributors had tried and failed to propose a satisfac-
tory mechanism by which the inner medulla could be concen-
trated in the absence of an internal source of energy.
Stephenson and Kokko and Rector showed for the first time
how it might be done (see Stephenson's chapter in this issue).
Their passive theories were subjected to a rigorous analysis in
Berliner's review which ended:
"Of course, all of the above are highly speculative pending
the acquisition of more data, especially the examination of
more than one species by the same observers and with
more uniform procedures and techniques. Meanwhile, one
must be intrigued by the economy and explanatory value of
the solute mixing models. In this regard, the Stephenson
model, being more flexible than that of Kokko and Rector,
has the advantage." And, paraphrasing an earlier com-
ment, in another context, by Scholander: "It would seem
to me that if this is not the way the kidney works, it
certainly ought to try it." [25]
In his latest contribution [28], Berliner provides an engaging
historical review of several advances in understanding the
urinary concentrating mechanism during the span of time which
coincided with his own contributions to the field.
Robert Berliner's creative ideas, critical experiments and
rigorous analysis of the experiments of others as well as of his
own have guided us along the pathway to a much clearer
understanding of how the kidney works. It has been a truly
rewarding journey—for him and for us.
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